M
1.13±0.08 h from their cosmological simulation. Over cosmic time, it is expected that the ratio M GCS /M h is reduced due to GC destruction (Katz & Ricotti 2014) . For furthermore discussion of these issues, we refer the reader to Harris et al. (2015) .
The GC systems of large galaxies also reveal a bimodal colour distribution that is well represented by blue and red subpopulations. This bimodality is in turn thought to reflect differences in metallicity (Brodie et al. 2012; Usher et al. 2012 ). Based on spatial distributions, metallicities and kinematics, previous GC studies have generally associated the red/metal-rich subpopulation with the stellar bulge/elliptical component of galaxies, and the blue/metalpoor subpopulation with the halo (Forte, Faifer & Geisler 2007; Forbes, Ponman & O'Sullivan 2012; Pota et al. 2013; Forte et al. 2014 ). In the currently popular two-phase scenario for early-type galaxy formation (e.g. Oser et al. 2010 ), the halo is largely built up by stars formed 'ex situ' in lower mass satellites which are later accreted. However, as well as an accretion origin, GC system metallicity gradients observed in a few well studied galaxies suggest that L45 some blue GCs may have formed 'in situ' along with the bulk of the red GCs (Harris 2009; Forbes et al. 2011) .
It is thus important to investigate which GC subpopulation (i.e. blue or red) correlates with the dark matter content of a galaxy. In the largest study to date, Harris et al. (2015) split some 300 GC systems into blue and red subpopulations, and examined the correlation with halo mass (derived from a weak lensing study and a statistical relationship between stellar and halo mass). They found the blue GCs to have a slope close to unity, with the red GCs revealing a significantly steeper slope. Both subpopulations revealed similar scatter.
One limitation of past work is that GC systems, which have a radial extent of about 10 R e (the half-light radius of the galaxy starlight), have been compared to halo masses which are measured on scales of the virial radius or ∼100 R e . It is unclear whether the relation holds for spatial scales that are better matched (although, see Kavelaars 1999 for an early investigation), and in particular if the red/blue GC fractions vary with the enclosed dark matter fraction or the enclosed dark matter mass.
Such a connection between GCs and dark matter on comparable scales is plausible because GCs are very old (e.g. Forbes et al. 2015) and formed during the early phases of collapse of their host dark matter haloes. The GCs should therefore be preferentially associated with the central regions of present-day dark matter haloes (Diemand, Madau & Moore 2005) , rather than with the total halo mass, whose late-time growth may be dominated more by 'pseudo-evolution' than by true infall (Diemer, More & Kravtsov 2013) .
Here, we use recent dynamical estimates of the dark matter content of individual early-type galaxies at radii comparable to their GC systems. In particular, we examine the dark matter on both a fixed spatial scale of 8 R e and on a scale that matches the maximum extent of each GC system. Our sample consists of massive earlytype galaxies with high-quality GC system imaging and estimates of their enclosed dark matter content. Also for the first time, we use dynamical estimates of the dark matter mass rather than statistical scaling relations in the comparison with GC system mass.
DATA
The galaxy sample for this work comes from the SLUGGS survey (http://sluggs.swin.edu.au) of nearby early-type galaxies ). The survey focuses on both the galaxy starlight and the GC systems of the galaxies. The galaxies cover a range of environments from the field to central dominant cluster galaxies. All have stellar masses greater than 10.3 in the log, and so probe the high-mass end of the U-shaped number of GCs per unit stellar mass relation (Forbes 2005; Peng et al. 2008 ).
We take total (i.e. pressure-supported mass plus rotation mass) galaxy mass estimates from the recent work of Alabi et al. (in preparation) who applied the tracer mass estimator [(TME); equation (26) of Watkins, Evans & An (2010) ] to some 3500 GC radial velocities under the assumption of isotropic orbits. These velocities were obtained mostly with the Keck telescope and the DEIMOS multiobject spectrograph. The TME gives galaxy mass estimates that are within a factor of 2 compared to those published using X-ray gas, Planetary Nebulae (PNe), and stellar kinematics for the same galaxies at the equivalent radius. Here we include mass estimates from Alabi et al. for the 16 SLUGGS and 1 bonus galaxy for which the GC data all reach at least 8 R e . The mass of each GC system is based on the number of GCs which is sourced mainly from the imaging compilation of Harris et al. (2013) supplemented by some more recent wide-field imaging studies (Blom, Spitler & Forbes 2012; Usher et al. 2013 , 2016 . The sample and data used in this work are summarized in Table 1 .
R E S U LT S A N D D I S C U S S I O N
The extent of a GC system scales with the mass and size of the host galaxy. In particular, they typically extend to about 14 times the galaxy effective radius (Kartha et al. 2016) . Previously, GC system numbers, or inferred total GC system masses, have been compared to virial masses which are measured on scales of ∼100 R e . Here, we first probe the galaxy dark matter within a fixed 8 R e , then second, we probe the galaxy dark matter at the maximum radius for which GC velocities and mass estimates are available. The latter naturally probes each individual GC system on a spatial scale that is closely matched to the imaging (from which GC mass estimates are derived).
To calculate the total mass in each GC subpopulation, we start with an estimate of the total number of GCs and assign the appropriate fraction to each subpopulation based on the literature studies (see Table 1 ). We then use a mean GC mass of 2.4 × 10 5 M as used by Spitler et al. (2008) and Durrell et al. (2014) to estimate the mass in each GC subpopulation. Variations of the mean mass with subpopulation will only change the normalization of Fig. 1 . Similarly, variations of the mean mass with galaxy magnitude are not included due to the small magnitude range of our sample.
The dark matter mass (M DM ) within 8 R e (as listed in Table 1 ) is calculated from the total mass (M tot ) minus the stellar mass (M * ) within 8 R e (see Alabi et al. in preparation for details). We note that the dark matter mass contained within 8 R e is ∼10 per cent of the total virial dark matter mass for a massive halo with an NFW-like (Navarro, Frenk & White 1997) profile. Fig. 1 shows that the mass of the blue, red and all GCs have a strong correlation with the dark matter content within 8 R e . A similar finding was found by Harris et al. (2015) who used the total halo virial mass. Our results from a linear fit to the data are given in Table 2 . Here we use a generalized chi-squared minimization fit as given in the R package called hyper.fit. A weighted fit is performed on both coordinates based on their uncertainties, with an assumption that their uncertainties are independent. All data points were included in the fit.
Like Harris et al., we find less scatter for the blue GCs compared to the red ones, but not a statistically significant difference. We have also examined the correlation of GC masses with total (i.e. dark plus stellar) mass and find the relations to have slightly more scatter than using the dark matter mass within R max .
The best fit to the mass of the overall GC system versus the enclosed dark matter content within 8 R e implies a near constant ratio of M GCS /M DM ≈ 6.5 × 10 −4 . An estimate of the expected value can be found by first estimating the total mass of stars formed in a GC system M GCS for a given dark matter mass M DM (Hudson et al. 2014) :
Here b / m is the universal baryon fraction of 0.17. The ratio M GCS /M * is the fraction of mass in the overall GC system relative to the galaxy stellar mass. For a typical log M * = 11.2 galaxy, Table 2 gives the ratio to be ∼2 × 10 −3 (i.e. similar to the value found by McLaughlin (1999) for massive galaxies). M * /M b is the efficiency of forming stars for a given available baryonic mass. Based on Sloan Digital Sky Survey (SDSS) observations, Guo et al. (2010) showed in their fig. 5 that this ratio is about 0.1 for massive galaxies of Notes. Columns are (1) galaxy name, (2) distance, (3) effective radius and (4) environment (Field, Group or Cluster) from Brodie et al. (2014) , (5) log total stellar mass from Forbes et al. (2015) with an assumed error of ±0.2 dex (to allow for reasonable variations in IMF, age and metallicity), (6) globular cluster system extent from Kartha et al. (2016) or † assumed to be 14 times the galaxy effective radius, (7) fraction of blue globular clusters and (8) total number of globular clusters from the compilation of Harris et al. (2013) , except where we have used more recent wide-field imaging studies, i.e. NGC 720, 1023 and 2768 , NGC 4278 (Usher et al. 2013) , NGC 4365 (Blom et al. 2012) , and for the blue GC fractions for NGC 3607 and NGC 3608, we use Kartha et al. (2016) . We also note that there was a typo in Foster et al. (2011) so the blue and red GC numbers were swapped by mistake. Additional columns are (9) dark matter fraction and (10) dark matter mass within 8 R e , (11) maximum radius of the GC system in galaxy effective radii, (12) dark matter fraction and (13) dark matter mass within R max from Alabi et al. (in preparation). NGC 3607 is a SLUGGS bonus galaxy.
log M h ≈ 13. Thus equation (7) becomes:
This number is close to the values found in the literature when comparing the overall GC system mass with the virial halo mass as summarized by Harris et al. (2015) . For example, Durrell et al. (2014) , who used the same mean GC mass as we do, measured 2.9 × 10 −5 . In order to compare with the value we obtain from the fit to Fig. 1 , we need to divide by the fraction of the total halo mass contained within 8 R e . Assuming an NFW-like profile for a massive halo, the fraction of the total halo mass within 8 R e is 10 per cent. This implies an expected ratio of M GCS /M DM within 8 R e of 3.4 × 10 −4 . Given the simplified assumptions, this is comparable to our measured value of 6.5 × 10 −4 . In Fig. 1 , we explored the correlation of GC system mass with the dark matter content within a fixed radius, i.e. 8 R e . Now in Fig. 2 , we compare the blue, red and overall GC system mass to the dark matter mass within the maximum radius for each GC system (R max ). In this case, we subtract 100 per cent of the stellar mass from the total mass. Although R max varies from galaxy to galaxy (i.e. from 8.5 to 30 R e ), it is a better match to the spatial scale of each individual GC system. The linear fit parameters are given in Table 2 .
Again, the blue subpopulation reveals the tightest correlation but we also find that the scatter is significantly reduced from 0.26 to 0.20 dex when changing from a fixed spatial scale of 8 R e to a matched spatial scale of R max . This suggests that the mass in a GC system is strongly related to the enclosed dark matter mass. We have also examined the correlation of GC masses with total (i.e. dark plus stellar) mass and find the relations to have slightly more scatter than using the dark matter mass within R max . Figure 1 . Globular cluster system mass versus dark matter mass within 8 R e . The total mass contained in the blue, red and all GCs is calculated assuming a constant mean GC mass. Solid and dashed lines show the best fit and 1σ scatter. The blue, red and all GCs correlate with the enclosed dark matter content, with the blue subpopulation having the tightest relation.
In Fig. 3 we show, for the first time, the metal-poor (blue) GC subpopulation fraction (f blue ) versus the fraction of dark matter (f DM ) enclosed within R max , where
There is a strong correlation between f blue and f DM . The best fit to the data, excluding NGC 4494 and NGC 4526, is given in Table 3 . Thus galaxies with GC systems that are dominated by blue GCs also have mass distributions that are dominated by dark matter. Notes. BGC = blue globular clusters, RGC = red globular clusters, GC = total globular cluster system. Harris et al. (2015) . A tight correlation between the blue GC and dark matter fraction is seen. The highest stellar mass galaxies tend to have the highest dark matter fraction for a given blue GC fraction. None of the galaxies in the plot have blue GC fractions less than 0.4. The much larger sample of Harris et al. (2015) also reveals this to be the case (with one exception, for which the imaging does not cover the full GC system; Harris 2015, private communication) Thus f blue > 0.4 may represent a minimum, or floor, in the blue GC fraction of galaxies. In contrast, the red GC fraction is known to be zero in some lower mass galaxies. From the best-fitting relation, f blue > 0.4 corresponds to a lower limit in the enclosed dark matter fraction of f DM of 0.79. A typical blue GC fraction of 0.6 corresponds to an enclosed dark matter fraction of 0.86.
We also show in Fig. 3 the predicted blue GC fraction based on the findings of Harris et al. (2015) . First, we estimate the halo mass for each galaxy in our sample using the M * -M h relation of Behroozi, Conroy & Wechsler (2010) . Next, we use the f blue -M h relation from Harris et al. to predict the blue GC fractions for our galaxies, given their halo mass (using equation 3 of Harris et al.) . In Fig. 3 , we show this average predicted blue GC fraction versus the average enclosed dark matter fraction we measure for our sample (given by a star symbol). The predicted blue GC fraction agrees nicely with our empirical trend. The trend in Fig. 3 also appears to be consistent with the GC systems of dwarf galaxies. Such galaxies are thought to be strongly dark matter dominated at large radii, and have blue GC fractions of approaching unity, i.e. they often contain no red GCs (Peng et al. 2008) .
We now discuss the two deviant galaxies in Fig. 3 and whether their location in the plots might be spurious. Two effects may explain the deviation of NGC 4526 from the general trend. First, it has the highest correction in our sample for kinematic substructure (Alabi et al. in preparation) . Uncorrected it would have f DM ∼0.7. It also had a fairly large correction applied by Peng et al. (2008) as the GC system is not fully covered by the Advanced Camera for Surveys (ACS) field of view, i.e. uncorrected f blue = 0.48. If either of these corrections were not applied, then NGC 4526 would be consistent within the errors with the general trend. Thus, we suspect that NGC 4526 is not a true outlier and will obey the general trend with improved data.
NGC 4494 deviates most strongly from the general trend. Given that there appears to be a minimum, or floor, in the blue GC fraction of galaxies of f blue > 0.4, changes to the blue GC fraction will not place NGC 4494 on the general trend. So we turn our attention to its low dark matter fraction. Indeed we are not the first to find a low fraction of dark matter. Several studies using PNe to model the mass of NGC 4494 have derived a remarkably low dark matter content of <0.5 within 5 R e (Romanowsky et al. 2003; Napolitano et al. 2009; Deason et al. 2012 ) However, the more recent NMAGIC modelling of the extended stellar kinematics ) and the PNe data by Morganti et al. (2013) found a higher dark matter fraction of f DM = 0.6 ± 0.1 within 5 R e . They assumed a logarithmic potential for the dark matter rather than an NFW-type profile, which leads to a higher dark matter mass and a relatively low stellar mass-to-light ratio. The wide range of dark matter fractions in the literature suggest that NGC 4494 is difficult to model dynamically, and future mass modelling should attempt to incorporate stellar, PNe and GCs velocity information simultaneously. If NGC 4494 follows the general trends for blue GC total mass (Figs 1 and 2 ) and blue GC fraction (Fig. 3) found in this work, then a significant dark mass and dark matter fraction is expected.
A possible explanation for the overall correlation seen in Fig. 3 is the process of halo growth via accretion of satellites. As galaxies accrete low-mass satellites they will also accrete dark matter and (preferentially) blue GCs. This tends to move a galaxy up and to the right in the plot. The data points in Fig. 3 have been coded by their stellar mass. In the two-phase model for galaxy formation (e.g. Oser et al. 2010) , the fraction of accreted (ex situ) stars is a strong function of stellar mass. The plot shows a weak secondary trend for the highest stellar mass galaxies to have the highest dark matter fraction for a given blue GC fraction. This suggests that the accretion of many low-mass satellite galaxies gives rise to a high ratio of dark matter to blue GCs in the outer regions of the most massive galaxies (Amorisco 2015) .
Alternatively, galaxies may move down and to the left in this plot via tidal stripping. For a typical galaxy in our sample, the 2D surface density profile of a GC system has a power-law slope of −2. Assuming spherical symmetry this corresponds to −3 in 3D. At large radii, an NFW profile slope is also around −3. Thus both the GC radial profile and that of the dark matter may follow a similar slope. This suggests that once tidal stripping has removed the outermost dark matter, furthermore stripping would remove blue GCs (as they are more radially extended than the red subpopulation) and dark matter in roughly equal proportion. Tidal stripping of a galaxy with an initially high dark matter and blue GC fraction would move it down and parallel to the trend seen in Fig. 3 . Thus, both tidal stripping and halo growth via accretion may play a role in the correlation of blue GC fraction and enclosed dark matter fraction.
C O N C L U S I O N S
Using a sample of well-studied massive early-type galaxies, we compare the mass of their GC systems to the host galaxy's dark matter content on similar spatial scales for the first time. We find a strong correlation between the mass of the blue (metal-poor) GC subpopulation and the dark matter content within a fixed 8 R e . An even stronger correlation is found when the radius for calculating the dark matter mass is matched to the spatial scale of the GC system. Thus from careful imaging of a GC system, one can infer the enclosed dark matter mass to within a factor of 2. The ratio of the GC system mass to that of the enclosed dark matter is nearly constant, and this can be understood in terms of the universal baryon fraction, the efficiency of GC formation and the radial profile of dark matter. We also find a tight correlation between the fraction of blue GCs and the enclosed dark matter fraction. GC systems appear to have a minimum blue fraction of 40 per cent, although a typical galaxy, with blue GC fraction of 60 per cent, has 86 per cent of its mass in dark matter (and 14 per cent in stars). The dark matter mass of NGC 4494 has been debated in the literature, but based on our findings, we support claims that it is heavy with dark matter. Both halo growth and removal (via tidal stripping) may play some role in shaping this trend. We suggest that galaxies with the highest accretion fractions reveal higher dark matter fractions for a given blue GC fraction.
